We have studied the involvement of murine c-Crk, an SH2/SH3 containing adaptor protein, in signaling pathways stimulated by dierent receptor tyrosine kinases. We show here that c-Crk is associated with components of insulin-and PDGF-dependent signaling pathways. Insulin treatment of murine myoblast cells induces the formation of stable complex of endogenous cCrk with insulin receptor substrate-1 (IRS-1) mediated via the SH2 domain of Crk. The ligand dependent physical association of c-Crk with IRS-1 is direct. However IRS-1 is also co-precipitated with c-Crk from quiescent L6 cells. The association of IRS-1 with c-Crk in quiescent cells is probably not direct since Far Western blot analysis did not reveal the binding of neither SH2 domain nor amino-terminal SH3 domain of c-Crk to IRS-1 from unstimulated cells. We also show that PDGF treatment of murine myoblast cells induces association of c-Crk with the PDGF receptor and tyrosine phosphorylation of c-Crk. Overexpression of cCrk enhanced insulin-but not PDGF-induced activation of MAP kinases when compared to parental cell lines. Thus, the formation of the direct IRS-1/Crk complex appears to be crucial for Crk-mediated insulin-induced activation of MAP kinase, whereas Crk is probably involved in other PDGF-induced responses. These data provide support to the hypothesis that insulin and PDGF employ dierent mechanisms for activation of MAP kinase cascade.
Introduction
The oncogene v-Crk, originally isolated from avian sarcoma viruses CT10 (Mayer et al., 1988) , induces enhanced tyrosine phosphorylation of several proteins in v-Crk-transformed cells (Mayer and Hanafusa, 1990) leading to cell transformation. Human Crk cDNA has been subsequently isolated from a placenta cDNA library (Matsuda et al., 1992) . To date little is known about intracellular function of c-Crk, although phosphorylation of Crk by Abl tyrosine kinase , and association of Crk through its SH2 domain with paxillin (p70), Cas (Crk-associated substrate, p130) and the product of the c-cbl protooncogene (p120) have been reported Sakai et al., 1994; Buday et al., 1996; Fukazawa et al., 1996) . Further, guanine-nucleotide exchange factors C3G and Sos have been described as intracellular targets of c-Crk SH3 domains Knudsen et al., 1994; Matsuda et al., 1994) . Recently, protein DOCK180, that was shown to be involved in the control of cell morphology, has been described as a major target for Crk SH3 domain (Hasegawa et al., 1996) . Association of Crk SH3 domain with a substrate of EGF receptor EPS15 was also reported Hansen et al., 1997) .
Src homology 2 and 3 domains (SH2 and SH3) are small protein modules found in a variety of signaling proteins, which mediate protein-protein interactions in signal transduction pathways activated by protein tyrosine kinases (Pawson and Schlessinger, 1993; Cohen et al., 1995) . SH2 domains bind to short phosphotyrosine containing sequences in growth factor receptors and other phosphoproteins. SH3 domains bind to target proteins through sequences containing proline and hydrophobic amino acids. Adaptor protein Crk has a simple structure consisting of one SH2 and two SH3 domains. With the SH2 domain of adaptor protein bound to speci®c tyrosines in phosphorylated proteins, the SH3 domains are free to interact with proline rich target proteins, resulting in the formation of multisubunit signaling complexes.
The actions of insulin are initiated by binding of the hormone to its heterotetrameric receptor (IR), which possesses intrinsic protein tyrosine kinase activity. The IR is composed of two a-and two b-subunits and insulin binding immediately activates the tyrosine kinase in the b-subunit, resulting in autophosphorylation of the receptor . The autophosphorylation of the IR functions predominantly to up-regulate the activity of the tyrosine kinase catalytic domain (Herrera and Rosen, 1986) . The IR phosphorylates the widely expressed cytosolic protein IRS-1, a major target for both the IR and the insulin-like growth factor-1 (IGF1) receptor (Myers et al., 1994a; White et al., 1985) .
Phosphorylation of IRS-1 appears to be essential for activation of many responses , including insulin-stimulated mitogenesis (Wang et al., 1993; Sun et al., 1992; Waters et al., 1993; Rose et al., 1994) , insulin stimulation of phosphatidylinositol 3'-kinase (PI 3'-kinase) (Myers et al., 1994b) and ERK, as well as S6 kinase (Chuang et al., 1993a,b; Myers et al., 1994b) . Both IRS-1 and the recently discovered IRS-2 play a major role in insulin-mediated metabolic signaling and glucose transport (Rice and Garner, 1994; Quon et al., 1994) . Many of the eects of insulin are thought to be mediated by the interaction of IRS-1 and IRS-2 (Sun et al., 1991) with SH2-containing enzymes and adaptor molecules . IRS-2 is the alternative substrate of IR in IRS-1 de®cient mice and has signi®cant structural similarity to IRS-1 (Patti et al., 1995) . Recently another insulin receptor substrate (termed IRS3) was described in rat adipocytes (Smith-Hall et al., 1997) .
Among signaling proteins PI 3'-kinase, the tyrosine phosphatase Syp, adaptors Grb2 and Nck were shown to be associated with IRS-1 through their SH2 domains (Case et al., 1994; Lee et al., 1993; Skolnik et al., 1993a; Sun et al., 1992) . It has been suggested that binding of IRS-1 to Grb2 might be one pathway used by insulin for activation of Ras, since insulininduced activation of ERKs was found to be enhanced by stable overexpression of Grb2 protein (Skolnik et al., 1993b) . However, the formation of IRS-1/Grb2/Sos complex was shown to be insucient for activation of ERKs (Pruett et al., 1995) . Association of IRS-1 with c-Crk was demonstrated in NIH3T3 and 293 cells stably transfected with an expression vector containing the Crk cDNA (Beitner-Johnson et al., 1996) . Overexpression of Crk enhanced IGF-1 mitogenesis of NIH3T3 cells, but association of IRS-1 with Crk was decreased by IGF-1 treatment (Beitner-Johnson et al., 1996) . Clearly, current knowledge on the signaling pathways employed by insulin is far from complete.
Platelet-derived growth factor (PDGF) is a potent mitogen involved in the normal proliferation and dierentiation of a variety of cell types (Heldin and Westermark, 1990) . In contrast to insulin, interactions between PDGF receptor and signaling proteins are in many cases direct and do not involve the phosphorylation of a docking protein (such as IRS-1 and IRS-2) with multiple phosphorylation sites serving as targets for SH2 domains. Ligand-induced autophosphorylation of PDGF receptor creates binding sites for a set of signaling proteins, including phospholipase Cg, GTPase activating protein of Ras (GAP), PI 3'-kinase, tyrosine phosphatase Syp, members of the Src family of protein kinases and the adaptor protein Nck (Kazlauskas et al., 1991 Kashishian et al., 1992; Ronnstrand et al., 1992; Li et al., 1992; Lechleider et al., 1993) . c-Crk is phosphorylated in response to PDGF BB in porcine aortic endothelial cells and is associated in ligand-dependent manner with 72 kDa component related to the adaptor molecule STAM (Hansen et al., 1997) .
In this report, we describe experiments designed to investigate the role of adaptor protein Crk in insulinand PDGF-stimulated mitogenic signaling. We have cloned a murine c-Crk gene by screening of lEXlox expression library of 16-day mouse embryo with the autophosphorylated region of the epidermal growth factor receptor in a method designated CORT (Skolnik et al., 1991; Lowenstein et al., 1992; Margolis et al., 1992) . Using antibodies against c-Crk and fusion proteins of dierent domains of crk we have detected the formation of IRS-1/Crk and PDGF receptor/Crk complexes both in vivo and in vitro. In an attempt to elucidate the function of Crk when in complex with signaling molecules, we overexpressed c-Crk stably in skeletal muscle myoblasts L6. Overexpression of c-Crk enhanced insulin-but not PDGF-induced activation of ERKs when compared to parental cell lines. Since previously it has been speculated that insulin and PDGF dier in their Ras-GTP loading requirement for ERK activation these data provide evidence of a further point of divergence between the two ligands and their mechanisms of Ras dependent signaling.
Results

Interaction between Crk and IRS-1
The rapid induction of tyrosine phosphorylation of IRS-1 sets the stage for association of IRS-1 with SH2-containing adaptor proteins. To test the possibility that c-Crk associates with IRS-1 in vivo, we performed a coimmunoprecipitation experiment with anti-Crk antibodies using insulin-stimulated L6 myoblasts ( Figure  1 ). The protein corresponding to the tyrosine phosphorylated IRS-1 was detected after immunoblotting with antiphosphotyrosine antibodies. However, the major phosphotyrosine containing proteins associated with c-Crk has an apparent molecular mass of p130. This protein is likely to be Cas (p130 cas ), an SH3-containing signaling molecule with a cluster of SH2-binding motifs . Cas is known to be highly phosphorylated on tyrosine residues in cells transformed by v-Crk and v-Src Kanner et al., 1991) . Cas forms a stable complex with v-Crk and c-Crk in a phosphorylation-dependent manner and is a substrate for Src-family kinases (Vuori et al., 1996) . That Cas was phosphorylated on tyrosine in the absence of insulin can be explained by adhesion-induced tyrosine phosphorylation of Cas (Nojima et al., 1995; Vuori and Ruoslahti, 1995 was found to be tyrosine-phosphorylated in some continuously adherent cells (Harte et al., 1996; Ribon and Saltiel, 1996) . We observed a decreased association of Crk with Cas after insulin treatment. This is most likely due to insulin-induced redistribution of c-Crk from the docking protein Cas to newly phosphorylated proteins. As shown in Figure 1 a tyrosine phosphorylated protein with molecular mass of 175 kDa was coimmunoprecipitated with anti-Crk antibodies from L6 cells, but not by pre-immune antiserum. Bovine pancreas and human recombinant insulin (both from Sigma) were used with similar results. Following insulin treatment of L6 cells, Crk dissociates from p130, possibly due to a higher anity of Crk SH2 for IRS-1 compared with p130 (presumably Cas). The similar dynamics of interaction of Crk with p130 was reported following EGF stimulation , in which case Crk was shown to dissociate from p130 and bind to p120 (cbl). To prove that the coprecipitated protein with molecular mass of 175 kDa represents IRS-1, we peformed immunodepletion experiments. As shown in Figure , 1996) , the nature of this association is unclear. We sought to determine whether Crk and IRS-1 are able to interact directly with each other. To this end we studied the interaction between Crk and IRS-1 using the Far Western method utilizing fusion proteins of dierent domains of c-Crk (Figure 3a) . We have generated and used the fusion proteins of Crk cytoplasmic signaling domains responsible for its interaction with intracellular signaling molecules (the SH2 domain and amino-terminal SH3 domain) . IRS-1 was immunoprecipitated from unstimulated and insulin-treated L6 cells and the Far Western blot was performed (Figure 3a) , along with control immunoblotting with anti-IRS-1 antibodies ( Figure 3b) . To obtain the evidence that our fusion protein of Crk amino-terminal SH3 domain can bind to proteins which are known to interact with the amino-terminal SH3 domain of Crk we have performed the control Far Western blot with C3G and DOCK180 proteins immunoprecipitated from unstimulated L6 cells (Figure 3c ). Both C3G and DOCK180 were detected in a Far Western blot analysis with Crk amino-terminal SH3 domain. Furthermore, the fusion protein of Crk amino-terminal SH3 domain bound predominately to C3G and DOCK180 proteins coprecipitated with Crk when Crk immunoprecipitate was subjected to a Far Western blot analysis ( Figure  3c ). These results demonstrate that the formation of IRS-1 complexed with c-Crk in insulin-treated cells is mediated through the c-Crk SH2 domain and not through its SH3 domain. Our results also suggest that interaction of Crk with IRS-1 in unstimulated cells is either not direct, or is not mediated by Crk cytoplasmic signaling domains. Stable expression of c-Crk in myoblast L6 cells was examined by immunoprecipitation of Crk with polyclonal anti-Crk antibodies followed by immunoblotting with a dierent polyclonal anti-Crk antibodies. Approximately 6 ± 8-fold overexpression of Crk was demonstrated in cell lines L6C3 (Figure 4 ) and L6C6 (Figure 7b) . Surprisingly, overexpression of Crk did not enhance the association of Crk with IRS-1 ( Figure  1 ). However, Crk overexpression increased the association of Crk with tyrosine phosphorylated p130 protein (presumably Cas) (Figure 1 ) as well as with guanine nucleotide exchange proteins (see below). It is likely that the amount of Crk-IRS-1 complex formed in L6 cells is primarily dependent upon the amount of IRS-1 available.
Crk binds directly to PDGF receptor in PDGF-treated cells and is phosphorylated on tyrosine
We found that PDGF receptor is eciently coimmunoprecipitated from L6 myoblast cells with endogenous c-Crk in a ligand-dependent manner ( Figure 5a ). As in the case of Crk-IRS-1 interaction overexpression of Crk did not cause enhanced association of Crk with PDGF receptor. Although the ability of SH2 domain of Crk to associate with PDGF receptor has been previously reported (Anderson et al., 1990) (Figure 5b ). Here we show that PDGF receptor is a potent stimulator of cCrk phosphorylation (Figure 7 ). c-Crk was detected as two bands (Figure 4 ) and PDGF treatment was found to induce a redistribution of c-Crk between these two bands ( Figure 7 ). The induced redistribution was obvious not only following Crk immunoprecipitation, but was also detectable after analysis of cell lysates. In order to show that the band characterized by reduced electrophoretic mobility corresponded to the tyrosine phosphorylated form of c-Crk, the Crk immunoprecipitate was immunoblotted in parallel with anti-P-tyr and anti-Crk antibodies (Figure 7b ). Only the Crk band possessing reduced electrophoretic mobility was shown to be phosphorylated on tyrosine residue. The phosphorylation of Crk in PDGF-stimulated cells was recently reported in porcine aortic endothelial cells expressing PDGF b-receptors (Hansen et al., 1997) .
Cellular responses of L6 and L6C6 to insulin and PDGF
As expected, insulin and PDGF induced MAP kinase activation in L6 cells. We compared the level of these responses in parental L6 cells to L6 cells overexpressing Crk. Overexpression of Crk (approximately sixfold) resulted in the signi®cant enhancement of the ability of insulin to stimulate tyrosine phosphorylation of ERK1 and ERK2 ( Figure  8a ). In contrast, the PDGF-induced stimulation of ERKs phosphorylation was not altered by Crk overexpression (Figure 8b) . The increased activation of insulin-stimulated ERK tyrosine phosphorylation was further con®rmed by utilizing antibodies against phosphorylated forms of ERK1 and ERK2 (New England Biolabs) (data not shown). The ability of insulin to induce tyrosine phosphorylation of IRS-1, detected either by Western blot analysis with antiphosphotyrosine antibodies, or by following the insulininduced shift in electrophoretic mobility of IRS-1 (Western with anti-IRS-1 antibodies) was identical in parental L6 cells and in cells overexpressing c-Crk (data not shown). It is noteworthy that the increased tyrosine phosphorylation of ERKs in cell lines overexpressing Crk did not result simply from a change in the kinetics of ERK phosphorylation. The kinetics of insulin-induced tyrosine phosphorylation of ERKs was similar in parental cells and Crk overexpressing cells. We have also checked whether the absence of the eect of Crk overexpression upon tyrosine phosphorylation of ERKs in cells stimulated Figure 8c shows that at any tested concentration of PDGF overexpression of Crk had no eect upon tyrosine phosphorylation of ERKs. Finally we have performed direct assay of ERK activity using polyclonal antibody recognizing ERK2 (Figure 8d ) (Wang et al., 1992) . In accordance with our phosphotyrosine blots we show that overexpression of Crk has an enhancing eect upon Insulin (but not PDGF) induced ERK activity.
Crk association with guanine nucleotide exchange proteins Sos and C3G
C3G catalyzes a guanine nucleotide exchange reaction of Rap1 (Gotoh et al., 1995) , whereas Sos induces the dissociation of GDP from Ras, allowing the formation of an activated GTP ± Ras complex (Bon®ni et al.,1992) . Amino-terminal SH3 domain of Crk interacts with proline-rich sequences in C3G and Sos 
Discussion
An active participation of SH2/SH3 containing adaptor proteins in signaling pathways is quite established (Schlessinger, 1994) . It is generally accepted that the function of adaptor protein Grb2 links protein tyrosine kinases to the Ras/MAPK signaling pathway. This is achieved through recruitment of the guanine nucleotide exchange factor Sos (Simon et al., 1993; Egan et al., 1993; Rozakis-Adcock et al., 1993; Li et al., 1993; Gale et al., 1993) . The understanding of Grb2 function was supported by biochemical studies as well as by genetic analysis in Caenorbabditis elegans and Drosophila. To date genetic analysis of the role of Crk is not available. Because guanine nucleotide exchange factor C3G was shown to be associated with Crk in the way similar to association of Grb2 with Sos , it is possible that adaptor proteins Grb2, Crk and Nck perform similar intracellular functions: recruit dierent partners which share the ability to activate the Ras signaling pathway. Assuming that c-Crk is linking insulin-and PDGF-induced signaling pathways to Ras activation, our data demonstrate that insulin and PDGF dependent pathways dier in the requirement for MAP kinase activation. Work from several laboratories has indicated that the level of GTP-bound Ras increases following PDGF stimulation of cells (Gibbs et al., 1990; Satoh et al., 1990; Nanberg and Westermark, 1993; Maruta and Burgess, 1994) . In cells expressing wild-type PDGF receptor, PDGF stimulation resulted in an approximate twofold increase in the GTP content of Ras, with only 5% of GTP versus 95% of GDP following immunoprecipitation with anti-Ras antibodies . In contrast to PDGF, EGF converts up to 65% of cellular p21 ras from the GDP form into the active GTP-bound state (Osterop et al., 1993) . Although insulin is less potent in p21 ras activation than EGF, it has been demonstrated that in cells expressing 7 ± 7.5610 5 cell 71 insulin receptors high degree of Ras-GTP formation (30 ± 60%) is observed following insulin stimulation (Osterop et al., 1993; Medema et al., 1993) . Thus, PDGF appears to be a less potent stimulator of GTP loading of p21 ras than insulin and the fact that c-Crk overexpression enhances the ability of insulin, but not of PDGF, to induce ERKs activation is indirect evidence that PDGF may engage some alternative mechanisms to activate ERK cascade. It is of note that although there is a striking dierence in the respective capacities of insulin and PDGF to stimulate an increase in Ras-GTP, the overexpression of the interfering mutant of p21 ras , Ras Asn17 , inhibits both insulin-and PDGF-induced activation of ERK2 completely (Vries-Smiths et al., 1992) . Our present data, dealing with the role of Crk in PDGF signaling, together with previously published observations of other groups may be considered as an indication that a very small increase in Ras-GTP, perhaps in conjunction with other PDGF-induced signals, is sucient for the activation of ERK kinase cascade. However the respective ecacy with which EGF, PDGF and insulin stimulate levels of p21 ras -GTP may vary with the cell type, for example in 3T3-L1 cells, PDGF was a more eective than was insulin (Klarlund et al., 1995) .
One of the principal dierences in signal transduction by insulin when compared to PDGF signaling is an engagement by insulin receptor of IRS-1, which is phosphorylated on tyrosine by the insulin receptor and serves as a docking protein for SH2 domains of multiple signaling molecules . No similar substrate has been described for the PDGF signaling network and it had become evident that tyrosine autophosphorylation of PDGF receptor itself creates binding sites for SH2 containing intracellular proteins. We show here that adaptor protein Crk, binds to tyrosine phosphorylated IRS-1 and to autophosphorylated PDGF receptor, and is involved in signaling downstream of insulin and PDGF receptors.
There are few demonstrations of ligand-induced association of c-Crk with a tyrosine kinase receptor in vivo in cell lines where neither c-Crk nor the growth factor receptor are overexpressed. Association of EGF receptor with Crk is a subject of intense discussion. Both, the fact of in vitro EGF receptor/Crk interaction (Birge et al., 1992; Fajardo et al., 1993) , and the observation of in vivo association of v-Crk with EGF receptor (Hempstead et al., 1994) , suggest that c-Crk may be interacting with phosphorylated EGF receptor in vivo. Interaction of c-Crk with EGF receptor in vivo was shown in highly transformed A431 cells, characterized by overexpression of EGF receptors (Fajardo et al., 1993) , and in human mammary epithelial cells (Fukazawa et al., 1996) . We have detected in vivo association of endogenous c-Crk with endogenous PDGF receptor in L6 myoblast utilizing co-immunoprecipitation methodology.
Recently, it was shown that IGF1 stimulation of cells overexpressing Crk resulted in a dissociation of Crk protein from IRS-1 (Beitner-Johnson et al., 1996) . These workers found that in clones of 3T3-NIH and 293 cells, overexpressed Crk was in stable association with IRS-1 and IRS-2 and this link was disrupted by addition of IGF1. Experiments in the present study indicate that the binding of endogenous Crk mediated by Crk SH2 domain to endogenous IRS-1 was the consequence of the stimulation of L6 rat myoblasts with insulin. However in our experiments, in accordance with experiments described by Beitner-Johnson et al. (1996) , IRS-1 was able to be co-precipitated with Crk from unstimulated L6 cells. A dierence between previously reported data (Beitner-Johnson et al., 1996) and those reported here is the demonstration in the current work of insulin-induced SH2-mediated interaction of Crk with IRS-1. This dierence is may be due to the dierent stimuli (IGF1 versus insulin) or dierent cell types used in two studies. IRS-1 coprecipitated from unstimulated cells was not phosphorylated (as revealed by phosphotyrosine blots and by its electrophoretic mobility) and was not recognized by Crk cytoplasmic signaling domains in far Western blot analysis. This may be due to the indirect association of Crk with IRS-1 in unstimulated cells. The recruitment of IRS-1 by activated insulin receptor is mediated by phosphotyrosine binding domain (PTB) of IRS-1 (Eck et al., 1996) . One possibility is that in the absence of autophosphorylated insulin receptor PTB mediates an interaction of IRS-1 with some tyrosine phosphorylated protein which is recognized at the same time by Crk SH2 domain. The possibility of existence of such docking protein for both Crk and IRS-1 should be analysed further.
Our data indicate that c-Crk is an endogenous substrate of the PDGF receptor in rat myoblasts. The fact that PDGF induces Crk phosphorylation is intriguing, since the role of tyrosine phosphorylation of adaptor proteins is unknown. It was previously shown that members of Abl family of kinases bind to the ®rst Crk SH3 domain and phosphorylate c-Crk on tyrosine 221 (Y221) Ren et al., 1994) . Crk is also an endogenous substrate of the IGF-I receptor kinase (Beitner-Johnson and LeRoith, 1995) . It was reported that phosphorylation of Crk is negatively regulated by its C-terminal SH3 domain . It is of note that the recently isolated human crk-like gene CRKL (Hoeve et al., 1993) is the major tyrosine-phosphorylated protein in neutrophils from patients with chronic myelogenous leukemia (Oda et al., 1994) .
Together, these data implicate c-Crk as a novel component of two quite dierent signaling networks: insulin-dependent and PDGF-dependent. Further studies are necessary to determine the molecular mechanisms responsible for the dierent eect of cCrk overexpression upon PDGF and insulin signaling.
Materials and methods
Cloning of mouse c-Crk and construction of expression plasmids
The method of expression cloning CORT (cloning of receptor targets) we used has been described elsewhere . This method was used to clone proteins that contain SH2 domains or Phosphotyrosine Binding Domains (PI/PTB), relying on the fact that these proteins can bind to autophosphorylated growth factor receptors. Bacterial expression lEXlox library of 16-day mouse embryo (Novagene) was screened with the tyrosine phosphorylated carboxyterminal tail of the EGF-receptor and sequencing of positive clones was done with Sequenase (US Biochemicals). The clone encoding the full sequence of mouse c-Crk (analog of human c-Crk II) was used for the experiments described below.
The expression plasmid for generating stable cell line overexpressing c-Crk has been constructed as follows. The DNA encoding the entire coding region of c-Crk was ampli®ed by PCR and subcloned into the cytomegalovirusbased eucaryotic expression vector pRK5 (Koch et al., 1994) . For expression of dierent c-Crk domains as GST fusion proteins sequences encoding the mouse c-Crk SH2 (amino acids 1 ± 131) and amino-terminal SH3 (amino acids 106 ± 236) regions were generated by PCR ampli®cation with mouse c-Crk and the appropriate oligonucleotide primers. The PCR products were cloned into EcoRI and HindIII sites of vector pGEX TAG . The PCR products ligated into eucaryotic and procaryotic expression vectors were subjected to DNA sequence analysis.
Cell lines
L6 C3 and L6 C6 are cell lines overexpressing the mouse cCrk. These cells were established by calcium phosphatemediated DNA transfection of L6 rat myoblasts as described previously (Chen and Okayama, 1987) , using co-transfection with 0.5 mg of pSV2neo and 40 mg of the expression vector encoding c-Crk, followed by isolation of individual G418-resistant colonies. Cells expressing mouse c-Crk were identi®ed by immunoblotting of cell lysates using antibodies raised against the carboxyl terminus of mouse c-Crk. Parental L6 cell line and cells overexpressing c-Crk were maintained in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and antibiotics. Dog kidney epithelial cells (TRMP) mock transfected and expressing wild type human PDGF receptor were maintained in Dulbecco's modi®ed Eagle's medium with 10% fetal bovine serum and antibiotics . TRMP were the gift of Dr J Cooper.
Far Western blotting
For the production of GST-Crk fusion proteins, Escherichia coli expressing individual pGEX constructs was induced by the addition of isopropyl-b-D-thiogalactopyranoside and the fusion proteins were captured on glutathione-Sepharose 4B beads (Pharmacia) as described previously (Smith and Johnson, 1988) . For Far Western blot analysis cell lysates were subjected either directly to SDS ± PAGE or ®rst immunoprecipitated with appropriate antibodies and after SDS ± PAGE and transferring to nitrocellulose ®lters were incubated with 1 mg of GST or fusion protein per ml in Tris-buered saline-bovine serum albumin for 1 h at room temperature and washed once with Tris-buered saline, twice with Tris-buered saline-0.05% Triton X-100, and once with Tris-buered saline (10 min each) prior to incubation with anti-GST antibodies (Upstate Biotechnology). The blot was processed to completion as described below.
Cell lysis, immunoprecipitation and immunoblotting
Cells were washed twice with ice-cold PBS prior to lysis with 500 ml of lysis buer (50 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA [ethylene glycol-bis(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid], 10 mg of aprotinin per ml, 10 mg of leupeptin per ml, 1 mM phenylmethylsulfonyl uoride, 0.2 mM sodium orthovanadate per 10-cm dish. Lysates were incubated for 5 min on ice and centrifuged for 20 min at 48C and 16 000 g. Supernatants were subjected to further analysis.
Equal amounts of total protein, as measured by the BioRad protein assay, were incubated with antibodies for 1.5 h at 48C prior to adding Protein A-Sepharose for 1 h. For immunoblot analysis, immunoprecipitates were washed three times with ice-cold lysis buer, boiled in sodium dodecyl sulfate-polytacrylamide gel electrophoresis (SDS ± PAGE) sample buer for 5 min, subjected to SDS ± PAGE, and transferred to nitrocellulose.
Immunodepletion experiments were performed as follows: cell lysates were subjected to immunoprecipitation with anti-IRS-1 Protein A Agarose (Upstate Biotechnology) following manufacturer protocol. Immunodepleted cell lysates were immunoprecipitated with anti-Crk antiserum (Santa Cruz). In parallel Crk immunoprecipitation was performed from not depleted cell lysates.
For Western blotting the nitrocellulose was ®rst incubated with TBS/BSA solution (20 mM Tris pH 7.8, 150 mM NaCl, 5 mg/ml BSA) for 1 h at 428C and was incubated in TBS/ BSA with blotting antibodies for 2 h at room temperature. The blotting was performed either with iodinated protein A, or by utilizing ECL methodology. For ECL the nitrocellulose was subjected to a set of washings (®ve times 5 min each with TBS/Triton (TBS with 0.05% Triton X-100), two times 5 min each with TBS) and incubated for 1 h with HRP-protein A (Bio-Rad) in TBS/5% non fat dry milk. After the similar set of washes nitrocellulose was incubated with ECL mixture (Amersham) according to manufacturer protocols. To detect primary antibodies with iodinated protein A, the nitrocellulose was washed once with TBS (10 min), twice with TBS/ Triton (each for 10 min) and again with TBS (10 min). After incubation with iodinated Protein A in TBS/BSA for 1 h, the nitrocellulose was subjected to similar set of washes, dried and exposed. Monoclonal anti-P-tyr antibodies conjugated to HRP were used according to manufacturer protocols (Oncogene Research Products).
ERK activity assay
ERK activity was performed as described previously (Bokemeyer et al., 1996) .
Antibodies
Anti-IRS-1 and anti-IRS-2 antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and Transduction Laboratories (Lexington, KY). A panel of rabbit polyclonal antibodies against c-Crk able to immunoprecipitate and immunodetect c-Crk was generated. Rabbit polyclonal anti-Crk antibodies #323 are directed against a full length Crk expressed as a fusion protein in bacterial cells and cleaved from the fusion portion before immunization. Rabbit polyclonal anti-Crk antibodies #335 and #336 are directed against a peptide in carboxy terminus of mouse c-Crk. Peptide VRLLDQQNPDEDFS was coupled to keyhole limpet hemocyanine by glutaraldehyde and was used for immunization. Commercial rabbit polyclonal antibodies against c-Crk (Santa Cruz, CA) were used when speci®ed. Tyrosine phosphoproteins were blotted and precipitated with rabbit polyclonal antiphosphotyrosine (anti-P-Tyr) antibodies (Batzer et al., 1994) . Commercial monoclonal anti-P-tyr antibodies conjugated to HRP (Oncogene Research Products) were used when speci®ed. Rabbit polyclonal anti-GST antibodies (Upstate Biotechnology) were used to detect GST fusion proteins in Far Western blotting. Bovine pancreas and human recombinant insulin were used in concentrations from 0.85 to 1.7 mM. PDGF BB was from R&D Systems (Minneapolis, MN) and was used in concentration 50 ng/ml.
